Introduction
Visualization of reactive adsorbed species is a powerful tool for understanding how chemical reactions occur on surfaces, especially in heterogeneous catalysis. [1] Prof. Madix, who is being honored by this special issue, was a pioneer in the application of scanning tunneling microscopy (STM) to the investigation of chemical reactions on surfaces, including coinage metals. [2] Because gold is an efficient and selective catalyst for oxidation processes [3] [4] [5] [6] [7] [8] [9] there is considerable interest in imaging reactant species, including adsorbed oxygen (O ads ), on its surfaces. Model studies on single crystal surfaces [10] [11] [12] [13] provide a mechanistic understanding of how oxidative processes are promoted on Au, [14] with the final goal of predicting new reactions. [15] To date, the majority of mechanistic studies have focused on O-covered Au(111), which roughens upon O atom adsorption [16] even at low coverage (0.1ML) and low temperature (~200 K). [17] The roughening of the surface associated with oxygen adsorption limits our ability to use STM because it is not possible to visualize adsorbates at the atomic scale. If a more wellordered system state of adsorbed O were accessible that had the same reactivity, the high spatial resolution offered by STM could be used to probe the details of adsorbate organization and overall reactivity.
Atomic visualization of the states of O adsorption on gold is of particular interest because its reactivity depends strongly on coverage and on the degree of order. DFT results coupled with studies of the vibrational properties of O adsorbed on Au(111) provide evidence that the local bonding environment depends on coverage. [18] While at low coverage and low temperature a disordered surface is observed, STM demonstrates that ordered oxide islands form at high O coverage. [17] The activity for CO oxidation on O-covered Au(111) at 200K is a factor of ~3 times faster for the disordered low O coverage surface compared to the ordered surface oxide at half saturation. [17] In addition, the activity and selectivity for O-assisted methanol coupling on O-covered Au(111) depends on O coverage-higher activity and selectivity are observed for low O coverages. [19] Herein, we investigate the bonding of O on Au(110) in order to better exploit atomic-scale imaging using STM in conjunction with DFT studies. The Au(110) surface reconstructs to the missing-row Au(110)-(1x2) structure, which consists of an ordered array of (111) microfacets [20] [21] [22] capped by rows of atoms with low coordination number along the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] direction ( Fig. 1a ). Where comparable studies have been performed, the reactivity of O-covered Au(110)-(1x2) [23] and Au(111) [19] are similar. Likewise, the temperatures for O recombination to O 2 are similar for the (111) [24, 25] and (110) [26] surfaces.
Previous electronic structure calculations suggest that O bound to Au(110) is most stably bound in pseudo-threefold sites ( Fig. 1) , [27] similar to the binding geometry for O on Au(111). [28, 29] At higher O coverage, the formation of anti-symmetric chain-like structures are predicted ( Fig.   1 ). [30] These studies motivated our quest to image atoms of O on Au(110)-(1x2) at the atomic scale in order to better understand O-Au bonding. We find that O is generally imaged indirectly through the electronic perturbations induced in its gold nearest neighbors and this result is corroborated by simulated STM images. When the oxygen atoms are directly imaged, antisymmetric chain-like structures are revealed. Multi-oxygen features are prevalent already at low coverage and computational results indicate stabilization of the oxygen upon chain formation. At low coverage, the oxygen species do not induce strong surface reconstruction and they are reactive for CO oxidation, which makes this system amenable to studying oxidation reactions on gold at the atomic scale using STM. [27, 30] 
Methods
Experimental. The Au(110) single crystal was purchased from Princeton Sci. and cleaned via cycles of sputtering and annealing at ~900K until no impurity trace was detected by Auger electron spectroscopy, and STM showed a uniform Au(110)(1x2) surface. Atomic O was created by exposing the surface to ozone since O 2 does not measurably dissociate on crystalline gold. [10, 12] Directed ozone dosing was performed using a continuous flow from an ozone generator (Ozone Engineering, model LG-7) to the 1 cm-diameter doser, located ~2 mm from the sample surface. Prior to experiments, several cycles of ozone dosing/annealing were performed to ensure a clean dosing line and sample surface. During exposure, the sample was kept at room temperature. Temperature programmed desorption (TPD) experiments confirm the adsorption of oxygen. At low oxygen coverage, a single desorption peak at ~550 K is observed ( Fig. S1 ), in agreement with previous studies [31] which also determined that saturation of this peak corresponds to one monolayer (ML) of oxygen (4 atoms per Au(110)-(1x2) unit cell [21] ).
Prior to STM experiments, the samples were mildly annealed to ~450K for 5 min. The oxygen deposition on the surface was first calibrated by TPD and the amount of oxygen on the surface was verified via TPD post STM experiments. STM experiments were conducted under base pressure below 1.0 x 10 -10 mbar using an Omicron VT-STM and mechanically cut Pt-Ir tips.
Typical scanning rate was 200-500 nm/s, bias voltage between -1.5 V and 1.5 V and low tunneling current of 0.1-0.2 nA. Imaging was mostly performed at a low temperature of ~150 K.
While some oxygen mobility was detected at 300K, it did not prevent clear images.
Computational. Plane-wave DFT calculations were performed using VASP. [32, 33] The PW91 exchange-correlation functional was used, along with the projector-augmented wave method, [34, 35] Approximately 20 Å of vacuum space were included in order to avoid artifacts on the calculated density of states contours. Simulated STM images were generated based on the Tersoff-Hamann theory, [36] as implemented in the bSKAN package. [37] They consist of maps of constant density of states integrated over [E F ;E F +1.5eV]. bSKAN and its interface with VASP allowed us to easily obtain accurate, noise-free contours far from the surface. Atomic graphics were created in QuteMol [38] and Vesta.
Results and discussion
STM contrast on oxygen on Au(110) and its origin. Oxygen atoms bound to Au(110)-(1x2) generally appear as dark features on the surface row structure in STM images obtained using positive bias ( Fig. 2 ). We mainly concentrate on the empty-states (V>0) contrast since those imaging conditions provide the most reproducible contrast. Dramatic changes in contrast associated with the tip state when imaging filled-states (V<0) however provide useful information as will be discussed in connection with (n-2) atoms that are perturbed by two oxygen atoms. This would explain the slightly deeper features compared to the ones we associate with one oxygen atom. The oxygen adsorption structure and resulting electronic interactions are discussed in more detail below. When considering a 2-atom oxygen chain model (Fig. 2d ), contours of constant density of empty states reproduce the depression above the gold atoms bonded to oxygen for tip-sample distance >5 Å (Fig. 2f) , which is consistent with experimental estimates of this distance. [20] A more detailed analysis of the signal detected closer to the surface on the center gold atom is provided in the supplemental material (Figs. S2, S5b).
Simulation of the empty-state STM image for a tip-surface distance of ~6 to 6.5 Å using the DFT results shows that the O feature presents mirror symmetry with respect to the [1-10] direction ( Fig. 2e ), as in STM (Fig. 2c ). Consistent with STM, this suggests that any topographic change due to the oxygen adatoms is not detectable for this energy range and tip-surface distance. The oxygen adatom is located in the surface trough, ~0.1Å higher than the topmost gold atoms. [30] Hence, the topographic modulation is compensated by the electronic effect identified in our calculations, i.e. the perturbation in the electronic structure of gold by the adsorbed oxygen.
There is precedent for oxygen adsorbed on transition metals appearing as depressions under positive bias in both experimental and theoretical studies. For example, low-temperature O adsorbed in the Ag(110) troughs is imaged as a depression [39] and this contrast was reproduced using similar STM simulations. [40] The experimental STM contrast associated with the presence of adsorbed O strongly depends on the sample voltage and tip state and even vanishes in certain tunneling conditions, further establishing that the corrugation is mostly electronic in nature. Two constant-current images obtained simultaneously (forward/backward trace) with sample biases of +1.5 V and -1.5 V demonstrate this effect (Fig. 3a) (Fig. S3 ). This is also supported by I(V) mapping of the surface (Fig. S4 ). Oxygen adsorption structure. STM reveals that the tendency for O to form one-dimensional multi-O structures exists already at low coverage (Fig. 2) . A low temperature measurement for 0.02 ML O coverage shows that isolated O features amount to only 9% of 367 features measured (Fig. S7 ). In agreement with this measurement, we calculate a stronger adsorption for a second O atom in the chain. In the convention of negative adsorption energy for binding interactions, the adsorption energy is lowered from -3.67 eV for the first O atom to -3.81 eV for the second (relative to the O in the gas phase) on the 2O-structure in Fig. 2e .
Aside from bias-dependent variations presented (Fig.3 (Fig. 3b ). Note that we only observed this behavior at negative sample bias and it is thus not in contradiction with the simulations for positive bias imaging. In the literature, a tip-dependent inversion of contrast on O on Pt(111) has been reported in some tip conditions [41] and simulations including contamination of the tip were able to reproduce it. [42] We propose that in our case, the protrusions correspond to the O adatoms, and that these can be imaged when the tip is contaminated, most probably with O. Note also that the protrusions appear when imaging the surface filled-states, for an energy window encompassing the O 2p-derived resonance on gold, as seen in Fig. 4 . In this light, the features in Fig. 3b are consistent with the asymmetric chains structure model depicted in Fig. 1b . 1') , that is, at the end of a chain (Fig. 4 ) This result is similar to what has been recently reported for O adsorption on Au(321). [44] We note here that the antisymmetric geometry probably is favored because it allows a larger distance between the O adatoms and screening of their charge by the Au row. The structure also allows equilibrium in alternating displacement of the topmost atoms in the direction perpendicular to the rows. In the case of O chains on Ag(110), the ordering of the O and their mutual stabilization impacts oxidation reaction rates. [45, 46] Although, as discussed in the following, the exact chain structure is different, similar end effects could be expected on Au(110). In order to understand how O can adsorb on Au(110) without inducing strong structural perturbations, we compare gold and silver in their response to O adsorption. Regarding the clean surfaces, it is known that the transition from 4d to 5d has important structural implications.
While pure Ag(110) adopts a (1x1) surface structure, the Au(110) surface reconstructs. In the reconstruction, the total amount of Au-Au bonds is unchanged compared to the ideal surface but the total energy is reduced by redistributing them into a richer variety of coordination numbers. [47, 48] Relativistic effects are important in Au [27, 49] but not Ag, and the stability of the Au reconstruction has been explained by overall contraction of the s electrons and their enhanced extension into the vacuum at the surface, both of which allow a larger d-orbital overlap between metal atoms. [48, 50, 51] When exposing Ag(110) to dioxygen at T>200 K, [52, 53] For sufficiently high coverage, the non-random distribution of the O chains becomes apparent.
For high coverage but below 0.25 ML which corresponds to saturation coverage for the antisymmetric chain geometry (e.g. ~0.15ML in Fig. 3a 
Conclusion
Using 
